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Abstract
Background
Human Ebola infection is characterized by a paralysis of the immune system. A signature of
αβ T cells in fatal Ebola infection has been recently proposed, while the involvement of
innate immune cells in the protection/pathogenesis of Ebola infection is unknown. Aim of
this study was to analyze γδ T and NK cells in patients from the Ebola outbreak of 2014–
2015 occurred in West Africa, and to assess their association with the clinical outcome.

Methodology/Principal findings
Nineteen Ebola-infected patients were enrolled at the time of admission to the Ebola Treatment Centre in Guinea. Patients were divided in two groups on the basis of the clinical outcome. The analysis was performed by using multiparametric flow cytometry established by
the European Mobile Laboratory in the field. A low frequency of Vδ2 T-cells was observed
during Ebola infection, independently from the clinical outcome. Moreover, Vδ2 T-cells from
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Ebola patients massively expressed CD95 apoptotic marker, suggesting the involvement of
apoptotic mechanisms in Vδ2 T-cell loss. Interestingly, Vδ2 T-cells from survivors
expressed an effector phenotype and presented a lower expression of the CTLA-4 exhaustion marker than fatalities, suggesting a role of effector Vδ2 T-cells in the protection. Furthermore, patients with fatal Ebola infection were characterized by a lower NK cell frequency
than patients with non fatal infection. In particular, both CD56bright and CD56dim NK frequency were very low both in fatal and non fatal infections, while a higher frequency of
CD56neg NK cells was associated to non-fatal infections. Finally, NK activation and expression of NKp46 and CD158a were independent from clinical outcome.

Conclusions/Significances
Altogether, the data suggest that both effector Vδ2 T-cells and NK cells may play a role in
the complex network of protective response to EBOV infection. Further studies are required
to characterize the protective effector functions of Vδ2 and NK cells.

Author summary
Human Ebola infection presents a high lethality rate and is characterized by a paralysis of
the immune response. The definition of the protective immune profile during Ebola infection represents a main challenge useful in vaccine and therapy design.
In particular, the protective/pathogenetic involvement of innate immune cells during
Ebola infection in humans remains to be clarified. Nineteen Ebola-infected patients were
enrolled at the time of admission to the Ebola Treatment Center in Guinea, and the profiling of innate immunity was correlated with the clinical outcome. Our results show that
both effector Vδ2 T-cells and NK cells were associated with survival, suggesting their
involvement in the complex network of protective response to EBOV infection.

Introduction
Ebola virus (EBOV) is a member of the Filoviridae family, which is filamentous, negativestranded RNA viruses that is known to cause severe human disease [1]. Multi-organ dysfunction occurs in severe forms with a lethality up to 90%. The failure of the immune system in
controlling viral replication depends on both innate and adaptive immune impairment [2].
The innate immune reaction is characterized by a cytokine storm, with secretion of numerous
pro-inflammatory cytokines, which induce a huge number of contradictory signals, and impair
the immune cells, as well as other tissues [2,3]. Moreover, a massive loss of T and NK cells
was observed in vivo during EBOV infection in mice [4], in non-human primates [5] and in
humans [6], that seems to be mainly mediated by apoptotic mechanisms [3,4,6,7]. Recently, a
high expression of the T cell inhibitory molecules cytotoxic T-lymphocyte-associated protein 4
(CTLA-4) and programmed cell death-1 (PD-1) on CD8 and CD4 T cells was associated to
fatal infections, and was correlated with elevated inflammatory markers and high viral load.
These data confirm that a deregulation of T-cell response represents a key component of
EBOV pathology [8].
The initiation and maintenance of a protective immune response strictly depends on an
effective and well-balanced innate immunity. In this context, NK and γδ T cells play a central
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role for their ability to quickly respond to invading pathogens by exerting direct antiviral
effects and by orchestrating the subsequent adaptive immunity [9–12]. The specific involvement of innate immune cells (NK and γδ T cells) in the protection/pathogenesis of EBOV
needs to be clarified. In the mice models of vaccination, a role of NK cells in the protection
against lethal Ebola infection has been proposed [13,14]. Further, host’s inherited Killer-cell
immunoglobulin-like receptor (KIR) gene repertoire was associated to susceptibility and disease severity [15]. To date, no data on the involvement of human γδ T-cell during Ebola virus
are available.
Aim of this study was to establish γδ T and NK cells frequency and differentiation profile in
patients from the Ebola outbreak of 2014–2015 occurred in West Africa, and to assess their
possible association with the clinical outcome.

Methods
Ethics statement
The National Committee of Ethics in Medical Research of Guinea approved the use of diagnostic samples and corresponding patient data for this study (permits N˚11/CNERS/14). As
the samples had been collected as part of the public health response to contain the outbreak in
Guinea, informed consent was not obtained from patients.

Enrolled patients
Diagnostic blood samples from 19 EBOV patients tested by the European Mobile Laboratory
(EMLab) at the Coyah Ebola Treatment Centre (ETC) were transferred to Donka Hospital in
Conakry within 24/48 h after collection. The median days of admission at the ETC for both
fatalities and survivors was 4 days post onset and thus the clinical outcome was not associated
with the elapsed time between onset of disease and admission. The Demographic and outcome
data for EVD patients were obtained from databases of the World Health Organization. All
infectious materials were handled in Class III Biosafety Cabinet. For the analysis of the results,
the patients were divided in two groups based on their clinical outcome: survivors (n = 10)
and fatalities (n = 6). Clinical features of the enrolled patients are shown in Table 1. Three
patients were excluded from the final analysis (one for malaria coinfection, and two for their
unknown clinical outcome).

Ebola RNA and Malaria testing
Real-time RT-PCR was performed on RNA extracted (QIAamp Viral RNA Mini kit, Qiagen)
from EDTA-blood from patients with suspected EVD using the RealStar Ebolavirus RT-PCR
Kit 1.0 (Altona Diagnostics) at the EMLab units in Coyah. The viral load results are expressed
as Ct, where higher Ct values indicate lower EBOV RNA load. Malaria was diagnosed using a
rapid test (SD BIOLINE Malaria Ag P.f, Standard Diagnosics Inc.).
Table 1. Clinical features of enrolled Ebola-infected subjects.
Survivors

Fatalities

Subjects

10

6

Gender (F/M)

3/7

4/2

Viral Load (Ct) median (IQR)

23.8 (21.1–31.2)

16.9 (13.5–21.8)*

*p<0.03 Viral load Fatalities vs. viral load Survivors
https://doi.org/10.1371/journal.pntd.0005645.t001
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Leukocytes isolation and flow cytometry
Leukocytes were isolated by lysing red cells with Ammonium Chloride (NH4Cl, 0.149 mol/L; Riedel-de Haën, Sigma-Aldrich, Germany), then washed in PBS and used for phenotypic staining.
Leukocytes were washed twice with PBS and then stained with conjugate anti-human monoclonal antibodies (mAbs): CD3 PerCP-Cy5.5 (clone UCHT-1), Vδ2 FITC (clone B6), CD56 FITC
(clone NCAM16.2), CCR7 PE-CY7 (clone 3DI2), CD95 APC (clone DX2), CD69 APC-Cy7
(clone FN50), CD158a PE (clone HP-3E4) (BD Biosciences), CD16 PeCy7 (clone 3G8) (Beckman
Coulter), and NKp46 APC (clone 9E2) (Milteny Biotech). Leukocytes were incubated with the
cocktail of antibodies for 20 min at room temperature, then washed once with PBS and fixed
with 8% Paraformaldehyde (PFA) for 30 min at room temperature in the pass through chamber.
After fixation, cells were handled out the pass through and washed once with PBS. After washing,
samples were immediately acquired with the GUAVA flow cytometer (BD Biosciences) in a BSL2
laboratory. A total of 100,000–200,000 events was acquired for each sample and analyzed with
FlowJo 10.0 software (BD Biosciences). The gating strategy is shown in S1 Fig.

Statistical analyses
Statistical significance was determined by GraphPad Prism software. Differences in the median
values among groups were evaluated by non-parametric Mann-Whitney test and a p–value
<0.05 was considered significant. Spearman test was used to evaluate the correlation among
immunological parameters.

Results
Effector Vδ2 T-cells during acute EBOV infection
The analysis of the viral load at admission at the ETC revealed that EBOV viremia was significantly higher in fatalities than in survivors (p = 0.03, Table 1), confirming previous published
observations [16–17]. The frequency and differentiation profile of Vδ2 T-cells were analyzed
by flow cytometry in healthy donors (HD, n = 14), in EBOV-survivors (n = 10) and in EBOVfatalities (n = 6). When compared to HD, a lower frequency of Vδ2 T-cells was observed during acute EBOV infection, independently from the clinical outcome (Fig 1A, p<0.05 for both
comparisons). Accordingly, a higher percentage of CD95-expressing Vδ2 T-cells was observed
both in EBOV-survivors and in EBOV-fatalities than in HD (Fig 1B, p<0.05 for both comparisons), suggesting a possible involvement of activation/apoptosis in Vδ2 T-cell loss. Moreover,
we analyzed the frequency of effector Vδ2 T- cells, as defined by the lack of CCR7 expression
[18]. As shown in Fig 1C, survivors showed a significantly higher frequency of CCR7neg effector Vδ2 T-cells than fatalities and HD (p<0.05 and p<0.001, respectively), suggesting a protective role of effector Vδ2 T-cells during EBOV infection. Recently, it has been reported that
fatal EBOV infection is characterized by CTLA-4 expression on CD4 and CD8 T-cells, resulting in an impaired T-cell response [8]. In line with these observations, a higher frequency of
CTLA-4 expressing Vδ2 T-cells was observed in EBOV-fatalities compared to EBOV-survivors
(Fig 1D, p<0.05), suggesting a similar mechanisms of T-cell impairment in both innate and
adaptive immune cells in fatal EBOV infections. No correlation between the expression of
CTLA-4 on Vδ2 T-cells and the viral load was observed (Spearman correlation: r-0.0044 and
p = 0.98).

NK cells during acute Ebola infection
The analysis of NK cells was performed by analyzing CD56/CD16 markers in CD3neg lymphocytes (Fig 2A and 2B). The NK cells were evaluated as CD3neg subsets expressing CD56, or
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Fig 1. Frequency of Vδ2 T-cells in survivors and in fatalities. The frequency of Vδ2 (A), Vδ2posCD95pos (B), of
Vδ2posCCR7neg (C) and Vδ2posCTLA-4pos (D) was analyzed in HD (n = 14), EBOV-survivors (n = 10) and EBOVfatalities (n = 6). Statistical analysis was performed by using Mann Whitney test and differences were considered
significant with a p<0.05 and highlighted with an asterisk.*: p<0.05; **: p<0.01; ***: p<0.001.
https://doi.org/10.1371/journal.pntd.0005645.g001

CD16 or both. EBOV-fatalities showed a lower frequency of NK cells when compared to
EBOV-survivors and HD (Fig 2A, p<0.04 and p<0.01, respectively). In order to define
whether EBOV was able to preferentially affect specific NK cell subsets, the frequency of
CD56bright (CD3negCD56brightCD16neg), CD56dim (CD3negCD56dimCD16pos) and CD56neg
(CD3negCD56negCD16pos) NK cells were analyzed. Results showed that EBOV infection significantly modified the NK cell subsets. Specifically, both EBOV-fatalities and EBOV-survivors
were characterized by a significant decrease of CD56bright, CD56dim (p<0.001 for all comparisons), and by a parallel increase of CD56neg NK cells respect to HD (p<0.001 for both comparisons). Of note, the increase CD56neg NK cells was more pronounced in EBOV-survivors than
in of EBOV-fatalities (p<0.05).
The activation and NK Receptors (NKR) expression on NK cell subsets was analysed in HD
and in EBOV patients (Fig 3A–3F). The low frequency of CD56bright during EBOV infection
(lower than 0.06%) did not allow to perform this analysis on this NK subset. EBOV patients
were characterized by a significant higher expression of activation CD69 marker on both
CD56dim and CD56neg NK cell subsets (Fig 3A and 3D, p<0.001 for both comparisons) than
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Fig 2. NK cells in survivors and in fatalities. The frequency of NK (A), and of NK subsets (B: CD56bright, CD56dim, and CD56neg)
was analyzed in HD (n = 14), EBOV-survivors (n = 7) and EBOV-fatalities (n = 6). Statistical analysis was performed by using Mann
Whitney test and differences were considered significant with a p<0.05, and highlighted with an asterisk.. *: p<0.05; **: p<0.01;
***: p<0.001.
https://doi.org/10.1371/journal.pntd.0005645.g002

HD. Moreover, a decrease of NKp46 and a was observed in EBOV patients when compared to
HD on both CD56dim and CD56neg NK cell subsets Fig 3B and 3E, p<0.001 and p<0.05,
respectively). Finally, a parallel increase of CD158a was observed IN EBOV patients when
compared to HD on both CD56dim and CD56neg NK cell subsets (Fig 3C and 3F, p<0.01 and
p<0.05 respectively).

Discussion
During EBOV infection, a dramatic inflammatory response, a loss of lymphocytes and a general paralysis of the immune system have been demonstrated [2,19]. The identification of pathogenetic mechanisms as well as the characterization of immune parameters associated to
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Fig 3. NK cells phenotype in survivors and in fatalities. The frequency of CD56dim NK cells expressing CD69pos (A), NKp46pos (B) and
CD158a pos (C) was analyzed in HD (n = 14), EBOV-survivors (n = 8) and EBOV-fatalities (n = 6). The frequency of CD56neg NK cells
expressing CD69pos (D), NKp46pos (E) and CD158apos (F) was analyzed in HD (n = 14), EBOV-survivors (n = 8) and EBOV-fatalities (n = 6).
Statistical analysis was performed by using Mann Whitney test and differences were considered significant with a p<0.05, and highlighted with
an asterisk.. *: p<0.05; **: p<0.01; ***: p<0.001.
https://doi.org/10.1371/journal.pntd.0005645.g003

survival may represent a critical issue to be addressed. Our work was focused on Vδ2 T and
NK cells involvement during acute EBOV infection and on the identification of parameters
associated to clinical outcome. Results showed that Vδ2 T-cells from survivors were characterized by a higher frequency of effector cells and a lower expression of CTLA-4 than those from
fatalities. Moreover, NK cell frequency was significantly higher in survivors than in fatalities.
EBOV infection was associated to a low frequency of both Vδ2 T and NK cells in the
peripheral blood. Interestingly, fatal cases showed a more marked reduction of NK cells frequency than survivors, suggesting an early involvement of NK cells in the protective immune
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response. The ability of EBOV to impact the number of circulating lymphocytes has been extensively described in mice [4], in non human primates [3] and in humans [6]. A decrease in NK
cells was shown in animal models [5] and recently suggested in humans by a molecular profiling
approach [20]. Moreover, a specific early loss of both NK and γδ T-cells was described also in
other acute hemorrhagic fever models [21,22]. The dramatic loss of innate (Vδ2 and NK) and
adaptive immune cells [23] during EBOV infection may explain the paralysis of the immune
system and its inability to initiate and maintain a protective immune response. Moreover, in
agreement with data on αβ T-cells [24] a high frequency of Vδ2 T-cells expressed CD95 was
observed, confirming a possible involvement of apoptosis in lymphocytes loss [2,6,25, 26].
A significantly higher frequency of effector Vδ2 T-cells and a lower expression of CTLA4 were observed in survivors, suggesting that a poor differentiation capability of these cells,
together with an increased expression of exhaustion marker, may represent a signature of
fatal infection. CTLA-4 plays an important role in inhibiting T-cell function through both
cell intrinsic and extrinsic pathways, an in controlling excessive or persistent T-cell activation [25,27,28]. A similar increase of CTLA-4 expression has been shown also on adaptive
αβ T-cells [8], suggesting a general suppressive activity of EBOV on both innate and adaptive immune response. Functional studies are necessary in order to characterize the exhaustion of Vδ2 T cells. A main role of Vδ2 T-cells in protection during acute infections is well
described. Their activation results in i) a huge release of antiviral cytokines [9,12,29,30], ii)
adjuvancy activities on DC maturation [31,32], iii) induction of granulocytes effector functions [33] and iv) helping B cells to release antibodies [34,35]. Thus, the reduction and
impairment of this innate subset may substantially contribute to a worse outcome of EBOV
infection.
A key role of NK cells in inducing a protective immunity towards EBOV virus-like particle
or by VSV/EBOV GP administration was suggested in a mouse model [13,14] but data on NK
cell role in human acute EBOV infection are still missing. Our results indicate that the NK cell
reduction induced by EBOV was mainly due to CD56bright and CD56dim NK subsets loss, representing cytokine producing and cytotoxic subsets, respectively [36]. In contrast, a higher
frequency of non classical CD56neg NK cells was observed in acute EBOV patients who survived. An increase of this cell subset has been described also in other infectious diseases,
such as hantavirus [37], HCV and HIV infections [38,39], as well as in ocular myasthenia
gravis [40] and dermatomyositis [41]. All these pathologies are characterized by a strong
immune activation that may represent the driving force able to expand this unconventional
NK cell subset. In particular, CD56 negative NK cells expansion occurred in patients in
both acute and chronic infections and seemed to represent dysfunctional NK cells that have
recently engaged target cells [39]. Unfortunately, the unavailability of absolute cell number
precluded to discriminate between the real CD56neg NK cell expansion and the lower susceptibility to death than CD56bright and CD56dim subsets. The role of the CD56neg NK cell
subset as well as their functional capabilities during EBOV infection needs further elucidations. Finally, a significant activation of both CD56dim and CD56neg NK cells was observed
both in survivors and in fatalities as described also after in vitro Lassa virus infection [42].
Moreover, a role of the KIR repertoire has been suggested [15]. Differently, we did not
observe any correlation between NKp46 and CD158a and clinical outcome. A more comprehensive analysis of NKR in fatal and non-fatal infections is necessary to better understand the impact of NK cell functionality in EBOV surviving.
An immunological signature in Ebola fatalities has been proposed, showing a massive CD4
and CD8 T-cell activation and an exhaustion of adaptive immune response (8,23). In this
study, we focused on innate immune cells and on their possible involvement in the clinical
outcome of Ebola infection. Altogether, our data show that both effector Vδ2 T-cells and NK
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cells might contribute to the complex network of a protective response to EBOV infection.
Further studies are required in order to characterize the protective effector functions of Vδ2
and NK cells.

Supporting information
S1 Fig. Gating strategy. The following gates were used for data analysis: -G1: Lymphocyte
gate (Panel A); -G2:CD3+ cells; G3: CD3-cells (Panel B); -G4: Vδ2+ among G2 (Panel D); -G5:
CD56+CD16-NK cells among G3 (bright); G6: CD56+CD16+ NK cells among G3 (Dim), G7:
CD56-CD16+ NK cells among G3 (Neg) (Panel C). -The expression of CCR7, CD95 and
CTLA4 was analyzed in G4 (Panel E); -The expression of CD69, NK p46 and CD158a was evaluated in G6 and G7 (Panel F-G).
(PDF)

Acknowledgments
We thank the WHO field teams and the Guinean health authorities in Coyah and Conakry for
their commitment and cooperation. The EMLab is a technical partner of the WHO Emerging
and Dangerous Pathogens Laboratory Network (EDPLN) and the Global Outbreak Alert and
Response Network (GOARN), and the deployments in West Africa have been coordinated
and supported by the GOARN Operational Support Team at WHO/HQ. A. L. is a recipient of
a pre-doctoral fellowship from the Leibniz Center of Infection.

Author Contributions
Conceptualization: CA EC MRC.
Formal analysis: EC DV AR NT AS VB RC FM.
Funding acquisition: ADC SG MWC CMF.
Investigation: EC DV MCC LO FT.
Methodology: EC DV MCC.
Project administration: CA ADC MG.
Resources: JAB FRK SD JM TH EGZ LC IGD JD NH JHJB JP RW MG OM GD JED YAF
CAP CMC LK NM BD PR LO DMW AL BBZ.
Supervision: CA ADC GI.
Validation: CA EC.
Visualization: CA.
Writing – original draft: EC CA.
Writing – review & editing: MRC GI SG FM CMF MWC.

References
1.

Sanchez A., Geisbert T., and Feldmann H. (1-1-2009) Filoviridae: Marburg and Ebola Viruses. Philadelphia, PA, USA: Wolters kluwer/Lippincott Williams & Wilkins.

2.

Falasca L, Agrati C, Petrosillo N, Di CA, Capobianchi MR et al. (2015) Molecular mechanisms of Ebola
virus pathogenesis: focus on cell death. Cell Death Differ 22: 1250–1259. https://doi.org/10.1038/cdd.
2015.67 PMID: 26024394

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0005645 May 30, 2017

9 / 11

Vδ2 T and NK cells during acute Ebola infection

3.

Geisbert TW, Hensley LE, Larsen T, Young HA, Reed DS et al. (2003) Pathogenesis of Ebola hemorrhagic fever in cynomolgus macaques: evidence that dendritic cells are early and sustained targets of
infection. Am J Pathol 163: 2347–2370. https://doi.org/10.1016/S0002-9440(10)63591-2 PMID:
14633608

4.

Bradfute SB, Braun DR, Shamblin JD, Geisbert JB, Paragas J et al. (2007) Lymphocyte death in a
mouse model of Ebola virus infection. J Infect Dis 196 Suppl 2: S296–S304.

5.

Reed DS, Hensley LE, Geisbert JB, Jahrling PB, Geisbert TW (2004) Depletion of peripheral blood T
lymphocytes and NK cells during the course of ebola hemorrhagic Fever in cynomolgus macaques.
Viral Immunol 17: 390–400. https://doi.org/10.1089/vim.2004.17.390 PMID: 15357905

6.

Wauquier N, Becquart P, Padilla C, Baize S, Leroy EM (2010) Human fatal zaire ebola virus infection is
associated with an aberrant innate immunity and with massive lymphocyte apoptosis. PLoS Negl Trop
Dis 4: e837. https://doi.org/10.1371/journal.pntd.0000837 PMID: 20957152

7.

Baize S, Leroy EM, Georges-Courbot MC, Capron M, Lansoud-Soukate J et al. (1999) Defective
humoral responses and extensive intravascular apoptosis are associated with fatal outcome in Ebola
virus-infected patients. Nat Med 5: 423–426. https://doi.org/10.1038/7422 PMID: 10202932

8.

Ruibal P, Oestereich L, Ludtke A, Becker-Ziaja B, Wozniak DM et al. (2016) Unique human immune signature of Ebola virus disease in Guinea. Nature 533: 100–104. https://doi.org/10.1038/nature17949
PMID: 27147028

9.

Agrati C, Castilletti C, De SR, Cimini E, Bordi L et al. (2006) Interferon-gamma-mediated antiviral immunity against orthopoxvirus infection is provided by gamma delta T cells. J Infect Dis 193: 1606–1607.
https://doi.org/10.1086/503438 PMID: 16652291

10.

Agrati C, Alonzi T, De SR, Castilletti C, Abbate I et al. (2006) Activation of Vgamma9Vdelta2 T cells by
non-peptidic antigens induces the inhibition of subgenomic HCV replication. Int Immunol 18: 11–18.
https://doi.org/10.1093/intimm/dxh337 PMID: 16361319

11.

Biron CA, Nguyen KB, Pien GC, Cousens LP, Salazar-Mather TP (1999) Natural killer cells in antiviral
defense: function and regulation by innate cytokines. Annu Rev Immunol 17: 189–220. https://doi.org/
10.1146/annurev.immunol.17.1.189 PMID: 10358757

12.

Poccia F, Agrati C, Martini F, Capobianchi MR, Wallace M et al. (2005) Antiviral reactivities of gammadelta T cells. Microbes Infect 7: 518–528. https://doi.org/10.1016/j.micinf.2004.12.009 PMID:
15777667

13.

Warfield KL, Perkins JG, Swenson DL, Deal EM, Bosio CM et al. (2004) Role of natural killer cells in
innate protection against lethal ebola virus infection. J Exp Med 200: 169–179. https://doi.org/10.1084/
jem.20032141 PMID: 15249592

14.

Williams KJ, Qiu X, Fernando L, Jones SM, Alimonti JB (2015) VSVDeltaG/EBOV GP-induced innate
protection enhances natural killer cell activity to increase survival in a lethal mouse adapted Ebola virus
infection. Viral Immunol 28: 51–61. https://doi.org/10.1089/vim.2014.0069 PMID: 25494457

15.

Wauquier N, Padilla C, Becquart P, Leroy E, Vieillard V (2010) Association of KIR2DS1 and KIR2DS3
with fatal outcome in Ebola virus infection. Immunogenetics 62: 767–771. https://doi.org/10.1007/
s00251-010-0480-x PMID: 20878400

16.

Cnops L, van GJ, Honko AN, Bausch DG, Sprecher A et al. (2016) Essentials of filoviral load quantification. Lancet Infect Dis 16: e134–e138. https://doi.org/10.1016/S1473-3099(16)30063-9 PMID:
27296694

17.

Lanini S, Portella G, Vairo F, Kobinger G, Pesenti A et al. (2015) Blood kinetics of Ebola virus in survivors and nonsurvivors. J Clin Investigat 125: 4692–4698.

18.

Ebert LM, Schaerli P, Moser B (2005) Chemokine-mediated control of T cell traffic in lymphoid and
peripheral tissues. Mol Immunol 42: 799–809. https://doi.org/10.1016/j.molimm.2004.06.040 PMID:
15829268

19.

Kumar A (2016) Ebola Virus Altered Innate and Adaptive Immune Response Signalling Pathways:
Implications for Novel Therapeutic Approaches. Infect Disord Drug Targets 16: 79–94. PMID:
26743519

20.

Liu X, Speranza E, Munoz-Fontela C, Haldenby S, Rickett NY et al. (2017) Transcriptomic signatures
differentiate survival from fatal outcomes in humans infected with Ebola virus. Genome Biol 4.

21.

Homchampa P, Sarasombath S, Suvatte V, Vongskul M (1988) Natural killer cells in dengue hemorrhagic fever/dengue shock syndrome. Asian Pac J Allergy Immunol 6: 95–102. PMID: 3064759

22.

Rodas JD, Cairo C, Djavani M, Zapata JC, Ruckwardt T et al. (2009) Circulating natural killer and gammadelta T cells decrease soon after infection of rhesus macaques with lymphocytic choriomeningitis
virus. Mem Inst Oswaldo Cruz 104: 583–591. PMID: 19722081

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0005645 May 30, 2017

10 / 11

Vδ2 T and NK cells during acute Ebola infection

23.

Agrati C, Castilletti C, Casetti R, Sacchi A, Falasca L et al. (2016) Longitudinal characterization of dysfunctional T cell-activation during human acute Ebola infection. Cell Death Dis 7: e2164. https://doi.org/
10.1038/cddis.2016.55 PMID: 27031961

24.

Gupta M, Spiropoulou C, Rollin PE (2007) Ebola virus infection of human PBMCs causes massive
death of macrophages, CD4 and CD8 T cell sub-populations in vitro. Virology 364: 45–54. https://doi.
org/10.1016/j.virol.2007.02.017 PMID: 17391724

25.

Abt MC, Osborne LC, Monticelli LA, Doering TA, Alenghat T et al. (2012) Commensal bacteria calibrate
the activation threshold of innate antiviral immunity. Immunity 37: 158–170. https://doi.org/10.1016/j.
immuni.2012.04.011 PMID: 22705104

26.

Galluzzi L, Pedro JM Bravo-San, Vitale I, Aaroson SA, et al. (2015) Essential versus accessory aspects
of cell death: recommendations of the NCCD. Cell Death and Differentiation, 22, 58–73. https://doi.org/
10.1038/cdd.2014.137 PMID: 25236395

27.

Best JA, Blair DA, Knell J, Yang E, Mayya V et al. (2013) Transcriptional insights into the CD8(+) T cell
response to infection and memory T cell formation. Nat Immunol 14: 404–412. https://doi.org/10.1038/
ni.2536 PMID: 23396170

28.

Corse E, Allison JP (2012) Cutting edge: CTLA-4 on effector T cells inhibits in trans. J Immunol 189:
1123–1127. https://doi.org/10.4049/jimmunol.1200695 PMID: 22753941

29.

Agrati C, Castilletti C, Cimini E, Romanelli A, Lapa D et al. (2016) Antiviral activity of human Vdelta2 Tcells against WNV includes both cytolytic and non-cytolytic mechanisms. New Microbiol 39: 139–142.
PMID: 27196553

30.

Li H, Xiang Z, Feng T, Li J, Liu Y et al. (2013) Human Vgamma9Vdelta2-T cells efficiently kill influenza
virus-infected lung alveolar epithelial cells. Cell Mol Immunol 10: 159–164. https://doi.org/10.1038/cmi.
2012.70 PMID: 23353835

31.

Conti L, Casetti R, Cardone M, Varano B, Martino A et al. (2005) Reciprocal activating interaction
between dendritic cells and pamidronate-stimulated gammadelta T cells: role of CD86 and inflammatory
cytokines. J Immunol 174: 252–260. PMID: 15611247

32.

Poccia F, Gioia C, Martini F, Sacchi A, Piacentini P et al. (2009) Zoledronic acid and interleukin-2 treatment improves immunocompetence in HIV-infected persons by activating Vgamma9Vdelta2 T cells.
AIDS 23: 555–565. https://doi.org/10.1097/QAD.0b013e3283244619 PMID: 19238075

33.

Agrati C, Cimini E, Sacchi A, Bordoni V, Gioia C et al. (2009) Activated V gamma 9V delta 2 T cells trigger granulocyte functions via MCP-2 release. J Immunol 182: 522–529. PMID: 19109184

34.

Ansel KM, Ngo VN, Hyman PL, Luther SA, Forster R et al. (2000) A chemokine-driven positive feedback
loop organizes lymphoid follicles. Nature 406: 309–314. https://doi.org/10.1038/35018581 PMID:
10917533

35.

Wen L, Pao W, Wong FS, Peng Q, Craft J et al. (1996) Germinal center formation, immunoglobulin
class switching, and autoantibody production driven by "non alpha/beta" T cells. J Exp Med 183: 2271–
2282. PMID: 8642336

36.

Poli A, Michel T, Theresine M, Andres E, Hentges F et al. (2009) CD56bright natural killer (NK) cells: an
important NK cell subset. Immunology 126: 458–465. https://doi.org/10.1111/j.1365-2567.2008.03027.
x PMID: 19278419

37.

Bjorkstrom NK, Lindgren T, Stoltz M, Fauriat C, Braun M et al. (2011) Rapid expansion and long-term
persistence of elevated NK cell numbers in humans infected with hantavirus. J Exp Med 208: 13–21.
https://doi.org/10.1084/jem.20100762 PMID: 21173105

38.

Gonzalez VD, Falconer K, Bjorkstrom NK, Blom KG, Weiland O et al. (2009) Expansion of functionally
skewed CD56-negative NK cells in chronic hepatitis C virus infection: correlation with outcome of pegylated IFN-alpha and ribavirin treatment. J Immunol 183: 6612–6618. https://doi.org/10.4049/jimmunol.
0901437 PMID: 19846870

39.

Milush JM, Lopez-Verges S, York VA, Deeks SG, Martin JN et al. (2013) CD56negCD16(+) NK cells
are activated mature NK cells with impaired effector function during HIV-1 infection. Retrovirology 10:
158. https://doi.org/10.1186/1742-4690-10-158 PMID: 24351015

40.

Nguyen S, Morel V, Le Garff-Tavernier M, Bolgert F, Leblond V et al. (2006) Persistence of CD16
+/CD56-/2B4+ natural killer cells: a highly dysfunctional NK subset expanded in ocular myasthenia gravis. J Neuroimmunol 179: 117–125. https://doi.org/10.1016/j.jneuroim.2006.05.028 PMID: 16904757

41.

Antonioli CM, Airo P (2004) Dermatomyositis associated with lymphoproliferative disorder of NK cells
and occult small cell lung carcinoma. Clin Rheumatol 23: 239–241. https://doi.org/10.1007/s10067003-0814-2 PMID: 15168153

42.

Russier M, Reynard S, Tordo N, Baize S (2012) NK cells are strongly activated by Lassa and Mopeia
virus-infected human macrophages in vitro but do not mediate virus suppression. Eur J Immunol 42:
1822–1832. https://doi.org/10.1002/eji.201142099 PMID: 22585682

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0005645 May 30, 2017

11 / 11

